The extended energy-loss fine structure occurs when inner shell electrons, emitted during external excitation, are reflected by the neighboring atoms so that emitted and reflected wave function components interfere. Whether the interference is constructive or destructive depends on the energy (or rather the wavelength) of the emitted electron, the distance to the neighbor atoms and the phase change introduced during the reflection. That is, if the electron energy and interatomic distances are such that the electron wave is reflected with an inverted phase after an integer number of periods, the interference will be constructive.
The interference will affect the excitation probability (the cross section) so that electrons experiencing constructive interference are promoted, while those experiencing destructive interference will be demoted. This behavior makes it possible to study the interference amplitude, as a function of electron energy, via the production cross section (Ref. [1] ).
Approximating the ejected-electron wave function at the backscattering atom by a plane wave Article available at http://mmm.edpsciences.org or http://dx.doi.org/10.1051/mmm:0199000103019900 and assuming that multiple backscattering can be neglected, the interference amplitude can be described (Ref. [2] ) by:
where Nj is the number of atoms in shell j, rj is the radius, ~j (k) is the phase difference between the outgoing and reflected waves, fj (k) is the backscattering amplitude (which for light atoms can be approximated by 1/k2, Ref. [3] ), ai is the mean free path for inelastic scattering of the electron, and 03C3j is a disorder parameter.
The interference phenomenon has, depending on whether the excitation was due to incident photons (from synchrotron radiation) or electrons (from the electron gun in an electron microscope), given rise to two différent spectroscopic methods, EXAFS and EXELFS, respectively. In this paper we are primarily concerned with EXELFS, although the EXAFS analysis is closely related.
In EXELFS approximately mono-energetic electrons penetrate a sample, during which some kinetic energy is lost due to inelastic processes. By recording the energy of the emerging electrons (energy-loss spectroscopy, Ref. [4] ), it is possible to gain information about the atomic structure of the sample. The energy-loss spectrum can be separated into two parts, the low-loss region and the EXELFS region. Electrons in the low-loss region have lost kinetic energy to valence or plasmon excitations, while EXELFS electrons have lost energy to core electron excitations (as was described above). In the case of very thin samples (Fig. 2c) , the former région mainly consists of unscattered electrons (zero-loss) that have not lost kinetic energy in the sample, i.e., the energy distribution is due to the energy distribution from the electron source.
For a thicker sample (Fig. 2a) , the low-loss region will contain a wider energy distribution, including electrons that have lost energy to collective excitations of the valence electrons in the sample (e.g., plasmons).
With increasing sample thickness the probability for multiple scatterings also increases. Thèse will cause multiple plasmon excitations and mixed plasmon-core excitations. In the latter case, core exciting electrons will also lose energy to plasmons, which will cause a shift in the associated EXELFS-spectrum. Tb a first order, plural scattering will affect the EXELFS spectrum in the same way as incident électrons with an energy distribution shaped like the low-loss distribution. i.e. within an interval of 12 to 78 nm-(5.5 to 232 eV). This spectrum was convoluted with three diflerent low-loss spectra, a low-loss from a thick sample (Fig. 2a) , a low-loss from a thin sample (Fig. 2c ) and a Gaussian function (Fig. 2d) Figure 2f shows a convolution between the simulated spectrum and a thin Gaussian (Figs. 2 and 4 ). This filter function has the advantage of suppressing high frequency components. The calibration of the energy axis, which can be done by different methods, has direct effect on the result of the analysis. An uncertainty in the reference energy cause uncertainties in energy axis, k-axis and the distance axis. The relationship between the radial distance (r) and the reference energy (Eref) allows us to estimate the resulting uncertainty in r.
This indicates that for small deviations in Eref
For instance, when using the distance between zcro-loss and the plasmon peaks i.e. plasmon excitation energy, for calibration of the energy-loss axis, either the experimentally measured or the thcoreticaly calculated plasmon energy should be chosen. Since, the experimental and theoretical results are not always in full agreement, an uncertainty is introduced.
As an example in the case of graphite the calculatcd plasmon excitation energy based on Jellium model is 22 eV, while the experimentally measured value is 27 eV The assumption Ep = 24.5 ih 2.5 eV then corresponds to ± 10% uncertainty in the energy-loss axis calibration, which in turn causes an uncertainty in distance determination of about ±5% continued) where i is the channel number, ki is the wave number of channel i in nm-1 and p is the channel number of the edge position.
For small deviations in p the deviation in ki is
An inaccurate choice of the edge position (p) causes a nonlinear deformation of the k-axis (Ref. [7] ). This may be regarded as stretching and translation of the interval to adapt to the new kmin and kmax values followed by a non-linear deformation within the interval.
A closer examination of equation (6) reveals that it is more adequate to choose the edge position above the measured edge rather than below it; e.g., if we choose the edge position 10 channels below the real edge and Emin 30 channels above the edge, then there is -22% deviation in kmin value. Choosing instead the edge position 10 channels above the real position, the deviation in the kmin value will decrease to 13% .
The effect of an inaccurate edge position decreases significantly with increasing distance from the edge. The proper determination of the real edge position (in the literature referred to as the Eo problem) requires a fitting procedure to some known standard where Eo is regarded as a free parameter or to some elaborate theoretical calculation (Ref. [8] ). For the reasons mentioned above the errors can be minimized by choosing the analyzing interval as far above the edge as possible (Fig. 5c ). This is, however, not always possible, since the EXELFS spectrum often extends only over a limited energy interval.
If a fast Fourier transform (FFT) algorithm is to be used, the k-sampling must be uniform, which means that some form of interpolation is needed. A nonlinear deformation of the k-axes caused by erroneous determination of the edge gives a deformed spectrum (compare Figs. 5a and 5c), which results in broadened peaks after FFT (compare Figs. 5b and 5d ). This effect may possibly also be used as a criterion to find the real edge position. Even in this case the effect of the inaccurate choice of the edge position on the spectrum is reduced far from the edge position (Fig. 5c ). Before computing the Fourier transform, values of X(k) which lie outside a chosen range (kmin to kmax) are removed. The data is usually also weighted with k, k 2 or k3 in order to compensate for the k-dependent amplitude decay of the modulations in the spectrum (see Eq. (1)), and windowed by a window function (W) to minimize the truncation effects (Ref. [7] ). A possible window function varies as cos2k at the ends of the data range but is flat over the central region.
The radial distribution function (RDF) of neighboring atoms is obtained by performing a Fourier transformation of the experimental EXELFS data. In practice a discrete Fourier transform is used, and the interatomic distances are deduced directly from the position of the peaks in the transformed spectrum. This discrete Fourier transform can be defined as follows where N is the number of the points to be transformed, which must be an integer power of 2, in order to be able to use the FFT algorithm; c is a constant equal to (kmax -kmin) /(N -1).
Since in most cases the interatomic distances obtained in the EXELFS analysis are in the range 1 to 3 Âwhile the energy interval available for data analysis is between 150 and 400 eV beyond the ionization edge (63 to 102 nm-1), the EXELFS modulation will mainly contain a small number of very low frequencies (Ref. [9] ). The natural sampling (~ 1/2 Â) is not sufficient to allow a determination of the main frequency components (Fig. 6c) . To provide a sufficient sampling density (~ 0.1 Â) the energy interval must be extended to about 1.4 keV The fact that we usually do not have any experimental data for energies ovcr 400 eV implies that the radial distribution function itself must be a low-pass filtcred version of the "true" distribution. Another way of expressing this is to say that the estimated radial distribution function has a sinc [(sin x)/x] point spread function (PSW). In practice, the high sampling density representation is obtained by zero-extending the energy axis before the Fourier transformation (Fig. 6d) .
The PSW will also be affected by the weight function and the k dependent amplitude in the expression for X2(k). Thus the sinc-PSW will be convoluted with the Fourier transform of the window function and a residual function, which corresponds to the part of the k dependent amplitude that has not been compensated by kP correction (Eq. (8) ).
The sinc component in the PSW will reduce the radial resolution due to the width of its central peak and cause interference problems when peaks are spaced with a distance so that a peak overlaps with its neighbors sinc-satellite peak (Ref. [10] We also suggest that the method used in this work, analyzing simulated EXELFS-data, may be used to examine the neccesity to include the deconvolution procedure by analyzing and comparing simulated data from the experimentally predicted structure with and without deconvolution and compare the results. It is well known that the deconvolution procedure lack an unambiguous test criteria.
When considering the accuracy of the analysis it is important to bear in mind that an uncertainty in the calibration of the energy-loss axis causes an uncertainty in determination of the radial distances. Furthermore, to prevcnt undesirable effects caused by erroneous edge position determination, it is recommended that the analysis interval is chosen as far above the edge position as possible.
It also appears to be desirable to overestimate rather than underestimate the edge position. An inaccurate choice of the edge position results in deviations in the distance axis and in broadened peaks. The latter effect can also be used as a criterion (minimizing the peak width) to find the real edge position.
When interpreting the results of an analysis the resolution of the transformed spectrum is sometimes unsatisfactory. This is often due to the short data interval corresponding to the wavelengths of the principal modulations. By zero-extending the data outside the original data interval prior to the Fourier transform the apparent resolution will be improved. However, this improvement is achieved at the cost of increased transformation time and the appearance of smaller satellite peaks due to truncation effects. Special care must be taken when interpreting these peaks.
Interactive EXELFS analysis has proved reliable and fast in simple situations where the radial peaks are well resolved (~ 0.9 Â for an interval of 220 eV). In complex and not well resolved situations, however, it has been found necessary to rely on more complicated statistical fitting procédures.
